The Qaidam basin is the largest topographic depression inside the Tibetan plateau. Because of its central position, understanding the tectonic origin of the Qaidam basin has important implications for unraveling the formation mechanism and growth history of the Tibetan plateau. In order to achieve this goal, we analyzed regional seismic-refl ection profi les across the basin and a series of thickness-distribution patterns of Cenozoic strata at different time slices. The fi rst-order structure of the basin is a broad Cenozoic synclinorium, which has an amplitude ranging from >16 km in the west to <4 km in the east. The synclinorium has expanded progressively eastward across the Qaidam region: from the western basin against the Altyn Tagh fault at 65-50 Ma to the eastern basin at 24 Ma. The half-wavelength of the regional fold complex changes from ~170 km in the west to ~50 km in the east. The formation of the synclinorium was induced by an older thrust system initiated ca. 65-50 Ma in the northern margin and a younger thrust system initiated ca. 29-24 Ma in the southern basin margin. Cenozoic uppercrustal shortening decreases eastward across basin from >48% in the west to <1% in the east; the associated strain rates vary from 
INTRODUCTION
With an average elevation of ~2800 m, the Cenozoic Qaidam basin is the largest topographic depression inside the 5000-m-high Tibetan plateau (Figs. 1 and 2). Despite its central position in Tibet, the tectonic origin of the basin has been debated. Bally et al. (1986) suggested that the basin formed over a large Cenozoic synclinorium. Burchfi el et al. (1989) postulated a basement-involved thrust belt across the basin. Métivier et al. (1998) proposed that the Qaidam basin developed via stepwise jumping of the northern Tibetan plateau margin in the Miocene (i.e., the bathtub-fi lling model; also see Meyer et al., 1998; Tapponnier et al., 2001; Sobel et al., 2003) . Yin et al. (2002) inferred that the Qaidam basin has become an internally drained basin since the Oligocene; the trapping of Qaidam sediments was accomplished by progressive southward translation of the Altyn Tagh Range along the Altyn Tagh fault and the development of the Eastern Kunlun and Qilian Shan thrust belts (i.e., the sliding-door model). Wang et al. (2006) speculated that the Qaidam basin was extruded eastward from the Pamirs in western Tibet to its present position, during which a longitudinal river was developed along the basin axis between ca. 31 and 2 Ma.
The above tectonic models make specifi c predictions regarding the deformation history of the Qaidam basin and its relationship 
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La Q i l i a n S h a n to basin-bounding structures. For example, the models of Métivier et al. (1998) and Wang et al. (2006) treat the Qaidam basin as a rigid block, while the models of Bally et al. (1986) and Burchfi el et al. (1989) require the Qaidam basin to be highly deformable. With regard to the basin-bounding structures, the stepwise-jump model of Métivier et al. (1998) predicts the southern basin-bounding thrust belt to have initiated before the northern basinbounding thrust belt. In contrast, the extrusion model of Wang et al. (2006) requires the basinbounding faults to have initiated synchronously and that the central Qaidam basin contains an eastward propagating sequence of alluvial and fl uvial deposits between 33 and 3 Ma. To evaluate the above models, we systematically analyzed seismic-refl ection profi les and thickness-distribution patterns of Cenozoic strata across the Qaidam basin. The work presented here complements our three other companion studies surrounding the Qaidam basin, dealing with the Cenozoic southern Qilian Shan-Nan Shan thrust belt and early Paleozoic North Qaidam ultrahigh pressure metamorphic belt to the north (Yin et al., 2008a (Yin et al., , 2007b ) and the Cenozoic Qimen Tagh thrust belt to the south (Yin et al., 2007a) . The studies in Yin et al. (2008 Yin et al. ( , 2007a emphasize the interaction between basin development and the evolution of its bounding thrust systems. In contrast, the study presented in this paper discusses the structural evolution of the basin. We fi rst outline the geologic framework of the Qaidam basin. We then present our structural and sedimentological observations across the basin, and discuss the implications of our new observations for the Cenozoic tectonic reconstruction of the Qaidam basin and its relationship to the overall development of the Tibetan plateau. The Qaidam basin as discussed in this study is defi ned by its present morphological expression. Its boundaries in the Cenozoic may have changed through time, as implied in our study. All the shortening strain and the strain history obtained by this study are geographically specifi c for the present-day basin.
GEOLOGY OF THE QAIDAM BASIN
The Qaidam basin has a triangular geometry in map view, with an ~650 km northern margin, an ~700 km southern margin, and an ~300 km western margin (Fig. 1) . Morphologically, the basin is bounded by the Qilian Shan, Altyn Tagh Range, and the Eastern Kunlun Range to the north, west, and south, respectively. Tectonically, the basin is bounded by the Qilian ShanNan Shan thrust belt (Burchfi el et al., 1989; Tapponnier et al., 1990) in the north, the leftslip Altyn Tagh fault in the west (e.g., Yin et al., 2002; Cowgill et al., 2000 Cowgill et al., , 2003 Cowgill et al., , 2004a Cowgill et al., , 2004b Cowgill, 2007) , and the Eastern Kunlun thrust belt in the south (Jolivet et al., 2003; Yin et al., 2007a) (Figs. 1 and 2 ). The basement of the Qaidam basin is composed of Precambrian-Silurian metamorphic rocks, which were overlain by Devonian-Cenozoic sedimentary strata (Huang et al., 1996) . The metamorphic rocks are exposed along the rims of the basin, including the early Paleozoic North Qaidam ultrahigh pressure metamorphic gneiss (e.g., Yang et al., 2001; Song et al., 2005; Zhang et al., 2005; Yin et al., 2007b) .
Despite a relatively high geothermal gradient in the uppermost part of the Qaidam basin, with values ranging from 31 to 70 mW/m, and a general decrease in heat fl ow from west to east (Nansheng, 2003) , the mechanical strength of Qaidam lithosphere appears to be exceptionally strong, with an effective elastic thickness (Te) of ~70 km (Braitenberg et al., 2003) . This Te value is signifi cantly greater than that of 10-30 km for the rest of the Tibetan plateau (Braitenberg et al., 2003) . The unusual strength of the Qaidam basin may be attributed to a signifi cantly different lithospheric composition or the lack of fl uid in the lower crust. For example, the basement of Qaidam crust may be oceanic in composition (Hsü, 1988; Gehrels et al., 2003a Gehrels et al., , 2003b , or the lower crust may be fl uid poor (Jackson et al., 2004) , making it exceptionally strong. Despite the unusually high strength, Qaidam crust is the thinnest in Tibet at ~45 km, as determined by several seismic studies (Zhu and Helmberger, 1998; Zhao et al., 2006 ; S.L. Y.H. Li et al., 2006) . The apparently high heat fl ow across the Qaidam basin could have been induced by hydrothermal circulation driven by the high topographic relief between the basin and its surrounding high mountain ranges (e.g., Person et al., 1996) .
Cenozoic deformation of the Qaidam basin has been investigated in the past fi ve decades since the initial work of Sun and Sun (1959) (also see a review on the history of geologic research in the Qaidam basin by Huang et al., 1996) . Paleomagnetic studies across the basin indicate no rotation along its northern margin and ~16º-20° clockwise rotation in the southwestern basin in the Cenozoic (Dupont-Nivet et al., 2002; Chen et al., 2002; Halim et al., 2003; Sun et al., 2006) . The variable rotation across the basin has been attributed to heterogeneous Cenozoic deformation (Yin et al., 2008) . Initiation of deformation across the basin appears to be diachronous. Bally et al. (1986) showed that the Altyn Tagh fault and the structures along the western edge of the Qaidam basin were active since the middle Eocene. In contrast, Song and Wang (1993) inferred Neogene initiation of thrusting in the southwestern the Qaidam basin.
The Qaidam basin preserves a complete record of Cenozoic sedimentation and has been the focus of numerous sedimentological and stratigraphic studies (Bally et al., 1986; Wang and Coward, 1990; Song and Wang, 1993; Huang et al., 1996; Zhang, 1997; Métivier et al., 1998; Xia et al., 2001; Yin et al., 2002; Sobel et al., 2003; Sun et al., 2005; Rieser et al., 2005 Rieser et al., , 2006a Rieser et al., , 2006b Zhou et al., 2006) . For example, Cenozoic basin history has been established by analyzing thickness distribution (Huang et al., 1996) , paleocurrent analysis (Hanson, 1998) , lithofacies patterns (e.g., Zhang, 1997) , sandstone petrology (Rieser et al., 2005) , and 40 Ar/
39
Ar detrital-mica ages (Rieser et al., 2006a (Rieser et al., , 2006b ). In addition, Cenozoic chronostratigraphy of the basin has been investigated in detail by using fossils (i.e., spores, ostracods, and pollen), basin-wide seismic stratigraphic correlation, magnetostratigraphic studies, and fi ssion-track dating of detrital grains (Huo, 1990; Qinghai Bureau of Geology and Mineral Resources, 1991; Yang et al., 1992 Yang et al., , 1997 Yang et al., , 2000 Song and Wang, 1993; Huang et al., 1996; Xia et al., 2001; Nansheng, 2002; Sun et al., 1999 Sun et al., , 2005 . These studies suggest that Cenozoic sedimentation in the Qaidam basin expanded eastward from the Paleocene and early Eocene in the west and Miocene-Pliocene in the east, with its main depositional center consistently located along the central axis of the basin.
Early structural studies of the Qaidam basin based on interpretation of seismic profi les did not consider the role of thrust-related folding and the complexity of thrust-system geometry. This has led to relatively small amounts of total estimated shortening across the basin (i.e., ~10 km; Huang et al., 1996; Dang et al., 2003; . There has also been a lack of effort in evaluating relationships between syntectonic growth strata and Cenozoic contractional structures that has hindered our understanding of the temporal development of the basin.
In this paper we present seven regional geologic cross sections and eight Cenozoic isopach maps (Fig. 3) . Using these data, we show that Cenozoic sedimentation occurred synchronously across the basin since the Paleoceneearly Eocene (65-50 Ma). However, initiation of deformation across the basin is diachronous, starting fi rst in the northwest at 65-50 Ma and subsequently propagating to the southern and eastern margins of the basin at 29-24 Ma.
STRUCTURAL GEOLOGY
In order to construct true-scale geologic cross sections, we fi rst interpreted seismic-refl ection Qim en Ta g h T h r u s t Belt Q i l i a n S h a n -N a n S h a n T h r u s t B e lt profi les in the time domains and then converted them to the depth domains using known velocity values. The zero depth in all sections corresponds to a reference elevation of 2750 m. In general, the top 16-18 km of the interpreted sections were constructed based on seismic profi les (i.e., two-way traveltime equal to ~6 s), whereas sections below 16-18 km are drawn by downward projection of the structures imaged in the seismic profi les. The locations of the interpreted seismic sections are shown in Figure 3 and examples of the seismic profi les analyzed in this study and their interpretations are shown in Figure 4 . The age assignments of Cenozoic stratigraphic units and regionally correlative seismic refl ectors are shown in Table 1 (Yin et al., 2008 (Yin et al., , 2007a .
Interpreted Seismic Section 1
Structural Geology
The overall architecture of section 1 is a large-scale synclinorium that spans more than 170 km in the northeast-southwest direction (i.e., the half-wavelength of the fold) and has >16 km amplitude (Fig. 5) . The fold is expressed by broadly folded Pliocene and Quaternary strata in the top, with complex contractional structures in the Paleocene-Miocene strata below the fold limbs: in the south is a south-directed fault-bend-fold system and in the north is a passive-roof thrust duplex, part of the North Qaidam triangle zone (Fig. 5) . The duplex system repeats Jurassic and Paleogene strata (Jr to E3-2) with its leading-edge thrust exposed in the North Qaidam thrust system (Yin et al., 2008) . The Yousha Shan backthrust is a blind fault, terminating at a north-verging fault-propagation fold (Fig. 5) ; its maximum slip is ~2.5 km. Though counterintuitive, south-directed thrusts dominate the Qimen Tagh Range, which bounds the Qaidam basin to the southwest (Yin et al., 2007a) .
Tilting of the northern synclinorium limb can be explained easily by the development of a triangle zone in the northern basin. However, explaining the northward tilting of the southern synclinorium limb is more diffi cult. One possibility is that tilting was produced by motion on a north-dipping thrust ramp in the southern section. The tilting could alternatively be caused by thrusting on a deep-seated south-dipping fault (i.e., the inferred deep-seated Eastern Kunlun thrust in Fig. 5 ).
When considering cross-section balancing, the observed Cenozoic folds and thrusts may be explained by the presence of a basal thrust in the pre-Jurassic basement, which we refer to as the Main Qaidam detachment (Fig. 5 ). This fault consists of three ramps connected by two fl ats at depths of 12 and 28 km, respectively. Our proposed mid-crustal Main Qaidam detachment is broadly compatible with the similar concept proposed by Burchfi el et al. (1989) for the style of contractional deformation across the Qaidam basin. The difference between our fault and that postulated by Burchfi el et al. (1989) is that our detachment has a considerable variation of geometry in the basement from a simple subhorizontal décollement.
It is also possible that the basement-involved thrusts in the Qaidam basin sole into the lower crust where the crustal strength is weakest, if it follows wet quartz rheology (Chen and Molnar, 1983) . Alternatively, the Qaidam crust could have a mafi c composition or the lower crust may lack fl uid activity, making it strong enough to localize shear deformation (Jackson et al., 2004) .
Growth-Strata Relationships and Timing of Deformation
Unit E1+2 was deposited across the entire Qaidam basin and exhibits growth-strata relationships above the northern triangle zone (Fig. 5) , suggesting the onset of deformation at 65-50 Ma in the northern section. The age of south-directed thrusting in the southern Qaidam basin is much younger, starting ca. 29 Ma, as indicated by growth strata of unit N1 associated with development of the south-verging faultbend fold (Fig. 5) .
Cenozoic Strain and Strain Rate
Line balancing of unit E1+2 yields 84 km shortening (lower diagram of Fig. 5 ) and a shortening strain of 32.3%. The strain was accommodated over 65-50 m.y., which yields an average strain rate of 1.5-2.0 × 10 E a s te r n K u n lu n R a n g e Q i l i a n S h a n
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A lt y n T a g h fa u lt (6) Table 1 for defi nition of lithologic units.
Mesozoic Deformation
Jurassic sedimentary strata are highly discontinuous with variable thickness along section 1. The sediments exhibit growth-strata geometry in half-grabens bounded by extensional faults with normal separation varying from 2 to 9 km. Because there are no matching cutoffs in the footwall basement rocks below the extensional structures, the above estimates are likely minimum values.
Interpreted Seismic Section 2
Structural Geology
This section, located 40 km east of section 1, exhibits a large synclinorium that has a smaller amplitude (~12 km) and broader fold geometry than that in section 1. In addition, the North Qaidam triangle zone changes from having dominantly north-directed thrusts in section 1 to dominantly south-directed thrusts in section 2.
Slip on the Yousha Shan backthrust is ~7 km, which is signifi cantly greater than ~2 km in section 1; the fault cuts the whole Cenozoic section rather than casting as a blind structure as in section 1 (Fig. 6 ; cf. Fig. 5 ). The backthrust could root below the Eastern Kunlun Range to the south, but continuous refl ectors across its downward projection preclude this possibility (Fig. 6) .
Cenozoic strata are subhorizontal in the central part of the section and dip gently northward in the south (Fig. 6 ). Similar to section 1, Cenozoic deformation in the upper crust can be explained by the basement-involved thrusts soling into a basal décollement that has two fl ats and three ramps (i.e., the Main Qaidam detachment; Fig. 6 ), similar to those in section 1. Although the main thrust fl ats in both sections lie at a depth of ~28 km, the main fl at in section 2 is signifi cantly longer and implies the trends of the connected thrust ramps in the Qaidam basement are oblique to the thrust transport direction. As in section 1, a deep-seated southdipping thrust may be below the Eastern Kunlun Range and the southern Qaidam basin (i.e., the deep-seated Eastern Kunlun thrust; Fig. 6 ).
Growth-Strata Relationships and Timing of Deformation
Unit E1+2 is only present on top of an anticline in the northern part of section 2 (Fig. 6) . This relationship alone suggests that deposition of unit E1+2 predates the anticline. The lateral pinch-out geometry of unit E1+2 could have resulted from early synclinal folding that was later inverted into an anticline. This interpretation suggests that the deformation in the northern part of the section started ca. 65-50 Ma during deposition of unit E1+2. Alternatively, the pinch-out geometry of unit E1+2 may have been Table 1 for defi nition of lithologic units.
induced by post-E1+2 synclinal folding and subsequent erosion of its limbs. This interpretation would imply a younger initiation age of deformation in the northern part of the section. The thickness of unit E3-1 exhibits minor variation in section 2, the central portion being slightly thicker than that in the southern and northern parts of the section. This relationship suggests that a broad syncline with amplitude <1 km was developed during deposition of unit E3-1. Because the thickness of E3-1 does not change across the hanging wall of the basal thrust of the North Qaidam triangle zone, the initiation of this structure must postdate deposition of unit E3-1 (i.e., postdating late Eocene; see Table 1 ).
Thickness variation is more pronounced for unit E3-2 in section 2, which thickens at the synclinorium core in the section and thins toward the fold limbs. This suggests that the synclinal folding was still active during deposition of unit E3-2 (early Oligocene; see Table 1 ). A prominent change in the thickness of unit E3-2 occurs in the hanging wall of the triangle-zone basal thrust in the northern part of the section (Fig. 6 ), indicating initiation of the triangle zone during its deposition. This timing of deformation is signifi cantly younger than the initiation age of the triangle-zone structures in sections 1 and 3 at 65-50 Ma (see Figs. 5 and 7 and related discussion).
The passive-roof thrust of the triangle zone in the northern part of the section was initiated during deposition of unit N1 (late Oligocene; see Table 1 ). This is refl ected by a prominent change in the unit thickness across the fault: thinner in its hanging wall and signifi cantly thicker in its footwall (Fig. 6 ). The inferred Oligocene age is consistent with the growthstrata relationship across a minor north-dipping thrust (fault 1 in Fig. 6 ) that merges with the passive-roof fault; across the fault unit N1 is thicker in its footwall than in its hanging wall, suggesting motion on fault 1 and thus its kinematically linked passive-roof fault was coeval with deposition of unit N1.
There is no observable thickness change across the Yousha Shan backthrust for units E3-1 and E3-2 in the southern part of the section (Fig. 6 ). Because unit N1 is only partially exposed in the hanging wall of the Yousha Shan backthrust, it is not possible to compare thickness variation across the fault. However, the constant thickness of units E3-1 and E2-3 across the backthrust suggests its initiation postdates their deposition (i.e., the backthrust is younger than early Oligocene). The exact age of initiation for the Yousha Shan backthrust may be obtained from the age of fault 2, which merges with the backthrust. Thinning of unit N1 at the crest of a fault-bend fold anticline associated with fault 2 indicates that motion on this fault started during deposition of unit N1 (29-24 Ma) and has remained active (Fig. 6 ).
Strain and Strain Rate
The total amount of shortening over the ~200 km section is 68 km, which yields a total shortening strain of 35%. Because most of this deformation occurred over a period of 29 m.y., it yields an average strain rate of 3.8 × 10
-16 s -1
.
Mesozoic Structures
The overall Jurassic structure is a symmetric graben, with Jurassic strata being thickest inside the graben and thinnest outside the graben. The section shows no evidence for reactivation of the early extensional faults by later thrusts, as they generally dip in the opposite directions (Fig. 6 ).
Interpreted Seismic Section 3
Structural Geology
This section lies 46 km east of section 2 (Fig. 7) . In sharp contrast to section 2, the dominant structures are north-directed thrusts rather than south-directed thrusts. The most prominent north-directed thrust is the North Qaidam passiveroof thrust, which cuts upward from the basement and fl attens into unit E3-1; its maximum displacement is <2 km (Fig. 7) . Other north-directed thrusts either die out into fault-propagation folds of the Suppe and Medwedeff (1990) type or faultbend folds of the Suppe (1983) type.
Like sections 1 and 2, the fi rst-order structure along section 3 is a large synclinorium. The fold amplitude is ~10 km, slightly less than that in section 2 (~12 km) and signifi cantly less than that in section 1 (>16 km). The magnitude of slip on individual faults cutting across the base of the Cenozoic strata is <2 km, which is insuffi cient to explain the observed fold amplitude. Thus, either deep-seated thrusts or distributed contraction is required in the middle and lower crust in the southern Qaidam basin to create the observed structural relief. To be consistent with the structural style observed in sections 1 and 2, we hypothesize a north-dipping thrust ramp below the northern edge of the Qaidam basin in the middle crust, which is equivalent to the triangle-zone basal thrust seen in sections 1 and 2 ( Fig. 7A ; cf. Figs. 5 and 6). The rest of the north-directed thrusts could either sole into a south-directed basal thrust as in sections 1 and 2 (i.e., the Main Qaidam detachment) (Fig. 7A ), or into a north-directed and south-dipping thrust extending below the Eastern Kunlun Range (i.e., the Eastern Kunlun thrust) ( Fig. 7C ; cf. Fig. 5 ). In the fi rst interpretation (Fig. 7A) , it is possible that the deep-seated south-dipping Eastern Kunlun thrust lies below the Main Qaidam detachment; in this case the detachment transport direction is south directed. The second interpretation implies that the Qaidam lower crust has been subducted below the Eastern Kunlun Range and the Qilian Shan, predicting a top-north sense of shear on the detachment. In any case, both interpretations in Figures 7A and 7C require the presence of a subhorizontal detachment at a depth of ~28 km, but there is no need for a south-dipping basin-bounding thrust exposed at the surface along the southern Qaidam basin margin.
Growth-Strata Relationships and Timing of Deformation
Unit E1+2 is thickest over the Qaidam synclinorium axis and thins southward to the Eastern Kunlun Range and northward over a fault-bend fold above the North Qaidam passive-roof thrust (Fig. 7A ). The unit pinches out before reaching to the southern end of the section. The above relationship suggests that the synclinorium and the triangle zone were both developed during deposition of unit E1+2. This timing of deformation is similar to that for the northern part of section 1 at 65-50 Ma, but older than that for the northern part of section 2 at 29-24 Ma. Like in sections (1) and (2), the initiation age of deformation in the southern part of section 3 is younger at 29-24 Ma. This is indicated by the growth-strata relationship between unit N1 and the underlying anticline above the Adatan thrust (Fig. 7 ).
Strain and Strain Rate
The total amount of shortening calculated by line balancing of unit E3-1 is 41 km across the 190-km-long cross section. This yields a total shortening strain of 17%. Because this strain was accomplished since 65-50 Ma, it leads to an estimated average strain rate between 0.8 and 1.0 × 10 −16 s -1 .
Mesozoic Structures
Section 3 exhibits a horst structure in the center bounded by listric normal faults with Jurassic strata deposited above the horst and in the fl anking half-grabens (Fig. 7) . The magnitude of normal separation is ~3-4 km. The fanning geometry of growth strata above extensional faults can be recognized in the section (Fig. 7A ).
Interpreted Seismic Section 4
Structural Geology
This section, located ~84 km east of section 3, exhibits a broad synclinorium with a much smaller amplitude (<5 km) than those in sections 1 (>16 km), 2 (~12 km), and 3 (~10 km) (Fig. 8) . In the north, section 4 is dominated by a south-directed imbricate thrust system, whereas in the south across the Qaidam synclinorium axis Jurassic and Cenozoic strata are essentially undeformed. The north-dipping basin fl oor in the south can be explained by the presence of a gentle north-dipping thrust ramp in the middle crust that links with a subhorizontal detachment at a depth of ~24 km.
Growth-Strata Relationships and Timing of Deformation
There is no appreciable thickness variation for units E1+2 to N1, but unit N2-1 and younger strata thicken toward the axial region of the Qaidam synclinorium. This suggests folding started during deposition of unit N2-1 (24 Ma). This age of synclinal folding is signifi cantly younger than the initiation age for the Qaidam synclinorium at 65-50 Ma in sections 1 and 3, suggesting that the synclinorium grew eastward and reached section 4 ca. 24 Ma.
Strain and Strain Rate
The total amount of shortening across the 167-km-long section 4 is 20 km, which yields a total shortening strain of 11%. Over 24 m.y., the average strain rate is 0.5-0.7 × 10 -16 s -1 .
Mesozoic Structure
Jurassic strata are restricted to the central and northern parts of section 4 and are distributed discontinuously in small grabens (Fig. 8) . Normal separation on extensional faults is between 1 and 4 km. The estimates are likely minimum values because some faults place Jurassic strata over pre-Jurassic basement.
Interpreted Seismic Section 5
Structural Geology
This section is 62 km east of section 4 (Fig. 9 ). The Qaidam synclinorium has amplitude of 3-4 km in this section. Two southdirected thrusts are below the northern limb of the synclinorium: the southern fault (fault 2 in Fig. 9 ) produces a fault-propagation fold, and the northern fault (fault 1 in Fig. 9 ) forms the basal thrust of a small triangle zone. Except a minor south-dipping thrust with hundreds of meters of slip (fault 3), the southern section is undeformed. The basement of the southern Qaidam basin tilts northward at an angle of ~4º-5°, which cannot be explained by motion on fault 3 in Figure 9 . Because of this, we infer the presence of a gently north dipping décollement at depths of ~15-22 km; a deepseated south-dipping thrust may be below the southern Qaidam basin that merges upward with the thrust décollement (Fig. 9) . A key difference between the geometry of the Main Qaidam detachment shown in this section and that in sections 1-4 is that the upper-crustal Table 1 for defi nition of lithologic units. Table 1 for defi nition of lithologic units. Table 1 for defi nition of stratigraphic units. ramp linking the Main Qaidam detachment at its northern and southern ends is missing. This may be explained by the upper-crustal ramp located below the Eastern Kunlun Range outside the section.
Growth-Strata Relationships and Timing of Deformation
At this section younger Paleogene units progressively overlap underlying older unit southward (Fig. 9) , suggesting southward expansion of deposition in the Qaidam basin. The generally northward thickening of units E1+2, E3-1, and E3-2 is indicative of a foreland basin bounded by a north-dipping thrust along the northern Qaidam margin. The inferred thrust is exposed at the surface as the northdipping Xitie Shan thrust (Fig. 3) (Yin et al., 2008) . Unit N1 (29-24 Ma) thickens slightly toward the northern and southern margins of the basin, suggesting that Qaidam basement was warped upward during its deposition. Unit N2-1 (24-10 Ma) shows little variation in thickness, whereas units N2-2 (10-5 Ma) and N2-3 (5-2 Ma) display gradual northward thickening, suggesting the basin was progressively tilting northward during deposition of these units. Unit Q1 thickens at the core of the synclinorium, indicating that the Qaidam synclinorium was developed in the past 2-1 m.y. and remains active. Except unit Q1, all other Cenozoic units maintain their thickness across the triangle zone in the northern Qaidam basin. Thus, the development of that triangle zone must have started in the Quaternary coeval with formation of the Qaidam synclinorium.
In summary, the growth-strata relationships in section 5 indicate fi ve stages of basin development: (1) protracted northward tilting at 65-29 Ma, (2) upward warping between 29 and 24 Ma, (3) no basin tilting or detectable deformation between 24 and 10 Ma, (4) resumed northward tilting between 10 and 2 Ma, and (5) formation of the Qaidam synclinorium and the triangle zone in the northern Qaidam basin in the past 2 m.y.
Strain and Strain Rate
The total amount of shortening is 17 km, which yields a total shortening strain of 12%. The magnitude of shortening is relatively small compared to those estimated for sections 1-4. However, the duration of deformation that generated most of the observed shortening is only ~2 m.y., which yields a rather fast strain rate of 3.2 × 10 -15 s -1 .
Mesozoic Structures
Jurassic strata are completely absent in section 5. Because Paleocene and Eocene units E1+2 and E3-1 are pinched out in the northern part of the section, it is possible that Jurassic strata were originally deposited in the northern part of the section but were later eroded away during northward tilting of the basin.
Interpreted Seismic Section 6
Structural Geology
This section is ~110 km east of section 5 and extends into the southernmost part of the Qilian Shan-Nan Shan thrust belt (Fig. 10) . Along this section the Qaidam basin is bounded in the north by the north-dipping Aimunik frontal thrust and in the south by a north-dipping unconformity. The slip magnitude of the Aimunik frontal thrust is ~6 km. The southern section displays a minor south-dipping thrust system (Huobuxun thrust system) with a total fault slip <2 km. The basin fl oor dips ~5° to the north. The small fault slip across the Huobuxun thrust system cannot explain the northward tilt of the southern Qaidam basement (Fig. 10) . Thus, we suggest that the tilt was induced by thrust loading due to motion on the Aimunik frontal thrust. It is also possible that the northward tilting was caused by a deep-seated south-dipping thrust below the southern Qaidam basin (Fig. 10) . Other mechanisms such as channel fl ow or distributed ductile shortening in the lower crust are also possible (see discussion below).
Growth-Strata Relationships and Timing of Deformation
In the northern margin of the Qaidam basin, the north-dipping basin-bounding fault system started to develop after deposition of unit N2-1 (Fig. 10 ). This is indicated by the presence of units N2-2 and N2-3 in the footwall and their absence in the hanging wall of the Aimunik frontal thrust. Although most Cenozoic units exhibit a southward transgressional relationship, unit N1 is an exception that shows a northward regressional relationship. This observation may be explained by an increase in sediment supplies to a northward-sloping foreland basin during deposition of unit N1. Alternatively, the regressional relationship for unit N1 could be attributed to motion on the northern branch of the Huobuxun thrust system (fault 1 in Fig. 10 ), which was associated with the development of a fault-propagation fold above and deposition of growth strata over its forelimb. Motion on fault 1 and the development of the fault-propagation fold may have eroded unit N1 over the crest of the anticline, resulting in its southward pinchout geometry. This interpretation implies that deformation across the Huobuxun thrust system occurred after the end of the late Oligocene (i.e., after ca. 24 Ma).
Because there is no change in bed thickness across fault 2 in the Huobuxun thrust system, motion on fault 2 must have started after deposition of unit E3-2. However, it is not clear whether units N2-1 to N2-3 were deposited prior to motion on fault 2 and were subsequently eroded away, or if they were only deposited in the footwall of the fault. The fi rst scenario implies that the fault started to move after deposition of unit N2-3 (i.e., the Pliocene), while the second scenario requires that the fault initiated during deposition of unit N2-1 (early to middle Miocene). In any case, the above observations suggest that deformation in section 6 started at or after the early Miocene (ca. 24 Ma).
Strain and Strain Rate
The shortening strain is highly inhomogeneous in the section. Shortening across the southern part of the section in the Qaidam basin proper is only ~2 km, which yields a shortening strain <1%. In contrast, shortening in the northern part of the section across the basin-bounding structures (i.e., the Aimunik thrust zone) is ~12 km, which yields a 30% strain. Using 24 m.y. as the duration of deformation, the average strain rate along line 6 is 0.13 × 10 -16 s -1 .
Mesozoic Structures
Jurassic strata generally maintain a constant thickness in the northern part of the section, but they pinch out with Cenozoic units E3-2 to N2-3 at the southern part of the section, and were overlain by Quaternary deposits (Fig. 10) . This relationship suggests that erosion of the Jurassic strata occurred in the Cenozoic, possibly resulting from northward tilting of the Eastern Kunlun Range that bounds the Qaidam basin. An extensional fault with ~2 km normal separation and an associated half-graben are present in the southern part of the section.
Interpreted Seismic Section 7
Structural Geology
This section traverses the southern part of the Yousha Shan anticline in the southwestern Qaidam basin (Fig. 11) . The structural geometry and kinematic evolution of the anticline were discussed in detail in Yin et al. (2007a) . Here we expand that study by considering an additional seismic refl ection profi le west of the sections discussed by Yin et al. (2007a) and Song and Wang (1993) (Fig. 3) . Section 7 mainly exhibits two sets of thrusts: (1) south-dipping thrusts in the southern part of the section placing the pre-Jurassic basement over Neogene strata, and (2) north-dipping thrusts in the northern section placing pre-Jurassic basement over Paleogene strata and structurally below the south-dipping Table 1 for defi nition of stratigraphic units.
thrusts. Both fault sets may sole into a common décollement linked with south-directed thrusts in the Qimen Tagh Range to the south (Yin et al., 2007a) (Fig. 2) .
Growth-Strata Relationships and Timing of Deformation
A growth-strata sequence is developed over the forelimb of the Yousha Shan anticline, which started during deposition of unit N1 (29-24 Ma) and became most prominent during the deposition of Quaternary strata (Fig. 11) . This relationship indicates that the initiation of the Yousha Shan anticline occurred in the late Oligocene and the structure has remained active. A similar conclusion on the initiation age of deformation in the Yousha Shan region was reached by Yin et al. (2007a) , based on reinterpretation of a seismic section by Song and Wang (1993) (see Fig. 3 for line location).
Strain and Strain Rate
The total amount of crustal shortening across section 7 is ~25 km, not counting slip on the inferred Qimen Tagh basal thrust. This yields ~30% shortening strain. This shortening strain is smaller than that estimated from a longer cross section to the east (Yin et al., 2007a) , which yields a minimum shortening strain of 48%. This discrepancy can be explained by the different coverage of the two sections. The cross section of Yin et al. (2007a) extends across the entire Yousha Shan anticline and covers two additional major structures to the north: the north-dipping Yiematan and Chaishiling thrusts. In contrast, section 7 is much shorter and only covers the forelimb of the Yousha Shan anticline. Thus, we consider the estimated >48% shortening strain from Yin et al. (2007a) to be more representative of the overall shortening across the southwestern part of the Qaidam basin. The average shortening strain rate over a period of 29 m.y. (i.e., since the late Oligocene) is 5.1 × 10 -16 s -1 .
Mesozoic Structures
Jurassic strata are restricted to the northern part of the section (Fig. 11) . Two north-dipping normal-separation faults are present in the section. The southern fault has >~1.5 km normal separation and the northern fault has ~2 km normal separation. Half-grabens are associated with both faults (Fig. 11) .
CENOZOIC SEDIMENTATION
In order to elucidate the Cenozoic development of the Qaidam basin, we summarize below the thickness-distribution history of Cenozoic strata in eight time slices (Fig. 12) . The main data source is Huang et al. (1996) , who compiled information from more than 1000 drill holes and a dense network of seismic profi les. We modify their maps across our sections where appropriate. To highlight the fi rst-order depositional patterns, we also remove the effect of thrusts on isopachs (Fig. 12 ). This simplifi cation has little impact on the thickness distributions because major thrusts tend to concentrate along the basin margins and the largest fault slips tend to be localized in the Jurassic strata or basal part of the Cenozoic section such as in the North Qaidam triangle zone.
Early Eocene (E1+2, Lulehe Formation)
The east-west extent of the Paleocene-early Eocene Qaidam basin is much smaller than its present size, with its eastern boundary located west of Golmud (Fig. 12A) . The largest depocenter for unit E1+2 is located in the northwestern basin (subbasin A in Fig. 12A ), occupying an area of 150 km × 70 km. The thickest part of the depocenter is located ~80 km south of the present-day northern basin margin. Four smaller depocenters are also scattered in the northern Qaidam basin. The structural setting of the above depocenters can be understood by examining the northern parts of sections 1, 2, and 3, in which the thickest and largest depocenter (subbasin A) is located in the core of the Qaidam synclinorium, whereas the smaller depocenters are located in over smaller synclines. Two minor depocenters are located in the southern Qaidam basin (subbasins B and C in Fig. 12A ): one near Yousha Shan anticline (subbasin B) and the other in the south-central Qaidam basin (subbasin C). The latter is located in the core of a small syncline (Fig. 7) , whereas the origin of the former is not clear due to lack of seismic data in the area complex. Several short-wavelength (<30 km), shallow (<500 m), and circular subbasins were developed along the eastern margin of the basin.
Middle to Late Eocene (E3-1, Lower Xiaganchaigou Formation)
During deposition of unit E3-1, subbasins A, B, and C became larger (Fig. 12B) . This is associated with an overall eastward expansion of the Qaidam basin, with its new eastern boundary located east of Golmud. The center of subbasin A also migrated southward, occupying the central position of the Qaidam basin. The most noticeable change at this time is the increase in the north-south width of subbasin A. This increase is associated with a coeval increase in the amplitude and wavelength of the underlying Qaidam synclinorium (Fig. 13) . Subbasins B and C also expanded laterally. The small subbasins along the eastern margin of the Qaidam basin similarly became larger (wavelength >50 km) and more elongated compared to the E1+2 pattern ( Fig. 12A; cf. Fig. 12B ).
Early Oligocene (E3-2, Upper Xiaganchaigou Formation)
During deposition of unit E3-2, subbasins A, B, and C all expanded in the northeast and southwest directions perpendicular to the structural trend in the basin (Fig. 12C) . The most prominent feature is the appearance of a southwardthickening subbasin D near Golmud, which may be controlled by the presence of a north-directed thrust to the south. Subbasin C also became more asymmetric, with the north-dipping slope on the south side steeper than the south-dipping northern slope on the north side (Fig. 12C) . The extent of unit E3-2 is approximately the same as that of the current Qaidam basin. Subbasins on the east side became much more elongated, as expressed by the development of two rows of northwest-trending troughs (Fig. 12C ).
Late Oligocene (N1, Shangganchaigou Formation)
The main feature of the N1 isopach pattern is that subbasin A became larger by incorporating subbasin C and part of subbasin B developed earlier (Fig. 12D) . Subbasin D, which was prominent during deposition of unit E3-2, is completely absent. Subbasin B is partitioned into western and eastern basins (B-west and B-east), with subbasin B-east joining the larger subbasin A (Fig. 12D) . In addition to the continuous enlargement of subbasin A, two smaller subbasins (A-1 and A-2) are present along the northwestern margin of the Qaidam basin. In the eastern half of the basin, the isopach pattern is simplifi ed, as expressed by one asymmetric basin with a gentle southern slope and a steep northern slope (Fig. 12D ).
Early and Middle Miocene (N2-1, Xiayoushashan Formation)
The depositional pattern of unit N2-1 is similar to that for unit N1 (Fig. 12E) . Key differences are the disappearance of subbasins A-1 and A-2 shown during deposition of unit N1. An asymmetric subbasin remains in the eastern half of the basin.
Late Miocene (N2-2, Shangyoushashan Formation)
During deposition of unit N2-2, a northwesttrending synclinal trough extending from subbasin A through subbasins C, E, F, G, and F was developed (Fig. 12F ). This synclinal trough was built on an earlier structural arch in the eastern Qaidam basin, which became converted into a series of small basins (i.e., subbasins E, F, G, and H). Meanwhile, subbasins A, B, and C in the western Qaidam basin continued to develop.
Pliocene (N2-3, Shizigou Formation)
During deposition of unit N2-3, the depocenter of subbasin A migrated prominently to the east for ~100 km, leaving behind a small subbasin occupying its original depocenter during deposition of unit N2-2 (Fig. 12G) . In the eastern half of the Qaidam basin, the isopach data show that the broad synclinal trough continued to develop, with a gentler slope in the south and a steeper slope in the north. In contrast, the western half of the Qaidam basin is characterized by numerous short-wavelength (<40 km) and shallow (mostly <500 m) basins (Fig. 12G) .
Quaternary (Q, Qigequan Formation)
The isopach pattern of Quaternary deposits refl ects the modern depositional system across the Qaidam basin (Fig. 12H) . The main depocenter lies along the northwest-trending basin axis, with sediments fed mainly by internally drained rivers from the Eastern Kunlun Range to the south. The highly elongated toughs and arches are correlative with active growing anticlines and synclines (Fig. 13) .
DISCUSSION
Tectonic Origin of Qaidam Basin
Our results on the timing, style, and magnitude of Cenozoic deformation across the Qaidam basin are summarized in Figures 13 and  14A . This information allows us to evaluate the existing tectonic models for the development of the Qaidam basin. The diachronous initiation of deformation and the lack of strike-slip faults along the northern and southern basin margins (also see Yin et al., 2008 Yin et al., , 2007a preclude extrusion of the Qaidam basin from the west (Fig. 13) . The older initiation age of deformation in the northern basin margin ca. 65-50 Ma and the younger initiation age of deformation in the southern basin margin at 29-24 Ma are inconsistent with the stepwise northward-jumping model (Métivier et al., 1998) . As shown in Figure 13 , our structural observations are consistent with the suggestions that a basement-involved thrust belt lies across the Qaidam basin (Burchfi el et al., 1989) , and the fi rst-order structure of the A lt y n T a g h R a n g e Q i l i a n S h a n A lt y n T a g h R a n g e Q i l i a n S h a n A lt y n T a g h R a n g e Q i l i a n S h a n F u t u r e E a s t e r n K u n l u n R a n g e F u t u r e E a s t e r n K u n l u n R a n g e F u t u r e E a s t e r n K u n l u n R a n g e 
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Figure 12 (continued). (A) Isopach map of the Lulehe Formation (E1+2). (B) Isopach map of the lower Xiaganchaigou Forma tion (E3-1). (C) Isopach map of the upper Xiaganchaigou Formation (E3-2). (D) Isopach map of the Shangganchaigou Formation (N1). (E) Isopach map of the Xiayoushashan Formation (N2-1). (F) Isopach map of the Shangyoushashan Formation (N2-2). (G) Isopach map of the Shizigou Formation (N2-3). (H) Isopach map of Quaternary sediments (Q).
See Table 1 for age assignment of each unit. A lt y n T a g h R a n g e E a s t e r n K u n l u n R a n g e Q i l i a n S h a n A lt y n T a g h R a n g e E a s t e r n K u n l u n R a n g e Q i l i a n S h a n Q Qigequan Fm. A lt y n T a g h R a n g e Q i l i a n S h a n A lt y n T a g h R a n g e Q i l i a n S h a n A lt y n T a g h R a n g e E a s te r n K u n lu n R a n g e Q i l i a n S h a n A lt y n T a g h fa u lt (6) (7) n t n o r t h e r n m a r g i n o f Q a i d a m b a s i n P r e s e n n P r e s e n t n o r t h e r n m a r g i n o f Q a i d a m b a s i n 2 9 M a P r P re s e n t basin is characterized by a large synclinorium (Bally et al., 1986) .
How the Qaidam basin has evolved from its inception to its present form has important implications for understanding the overall development of the Tibetan plateau. All existing models for the development of the Qaidam basin predict the basin to have the same bounding structures since its initial formation (e.g., Bally et al., 1986; Métivier et al., 1998; Wang et al., 2006) . This inference is inconsistent with the timing of deformation across the Qaidam basin obtained from this study and the uplift history of the Eastern Kunlun Range determined by early workers. As shown above, synchronous sedimentation occurred across the entire western Qaidam basin at 65-50 Ma, coeval with the initiation of the northern basinbounding structures. However, the southern basin-bounding structures did not start until after 29-24 Ma. Existing thermochronologic data indicate that the uplift of the Eastern Kunlun Range occurred after 30-20 Ma (Mock et al., 1999; Jolivet et al., 2001 Jolivet et al., , 2003 Liu et al., 2005; Yuan et al., 2006) . The above observations suggest that the Paleocene-early Oligocene Qaidam basin may have extended much farther south across the Eastern Kunlun Range, which did not exist during this time interval. This leads to the possibility that the Paleogene Qaidam basin in the north and the Hoh Xil basin of Liu et al. (2001 Liu et al. ( , 2003 in the south were once parts of a single topographic depression spanning >500 km in the north-south direction (i.e., one-third of the 1500-km-wide Tibetan plateau) (Fig. 1) .
Linking tectonic evolution of the Qaidam basin with Cenozoic uplift history of the Eastern Kunlun Range helps explain the long noted two-stage development of the Hoh Xil basin and the related Fenghuo Shan thrust belt along the Triassic Jinsha suture (Leeder et al., 1988; Liu et al., 2001 Liu et al., , 2003 (Fig. 1) . The fi rst stage involves the Eocene-Oligocene development of a foreland basin of the north-directed Fenghuo Shan thrust belt, as expressed by deposition of the dominantly alluvial and fl uvial Fenghuo Shan Group (Fig. 15) (Liu et al., 2001 (Liu et al., , 2003 . The second stage involves lacustrine deposition of the Miocene Wudaoliang Formation (mostly limestone) (Figure 15 ), which is fl at-lying to gently folded over intensely folded Paleogene strata below (Leeder et al., 1988; Liu et al., 2001 Liu et al., , 2003 . The deposition of the Wudaoliang limestone started ca. 26 Ma and was coeval with the initial uplift of the Eastern Kunlun Range at 30-20 Ma (Mock et al., 1999; Jolivet et al., 2001 Jolivet et al., , 2003 Yuan et al., 2006) . This temporal correlation can be explained by the uplift of the Eastern Kunlun Range that caused partitioning of the once-connected Hoh Xil and Qaidam basins in central Tibet, which we refer to as the Paleo-Qaidam basin (Fig. 1) . The uplifted Eastern Kunlun Range acted as a dam, trapping sediments in the Hoh Xil basin in the Miocene.
Following the above explanation, we propose a simple scheme for the development of the Qaidam basin in the context of the overall evolution of the Tibetan plateau. In the Paleocene-early Eocene, collision-induced stress reactivated the early Paleozoic Qilian orogen in the north ( Jolivet et al., 2001; Yin et al., 2002 Yin et al., , 2008 Dupont-Nivet et al., 2004; Horton et al., 2004; Sun et al., 2005; Zhou et al., 2006) and the Late Triassic Jinsha suture zone (Coward et al., 1988; Dewey et al., 1988; Yin and Harrison, 2000; Horton et al., 2002; Spurlin et al., 2005) in the south; this process created the Qilian Shan-Nan Shan and Fenghuo Shan thrust belts with a large topographic depression in between. Paleogene deformation bypassed the Lhasa block that had already been elevated in the Cretaceous (Yin et al., 1994; Murphy et al., 1997) (Figs. 2 and  16A ). Thickened crust in the Qilian Shan and Eastern Kunlun Shan also directed collisioninduced stress to exploit the preexisting weakness, the Triassic Kunlun suture. This has led to Neogene development of the left-slip Kunlun fault and the kinematically linked Qimen Tagh and Bayanhar thrust belts (Kidd and Molnar, 1988; Jolivet et al., 2001 Jolivet et al., , 2003 Yuan et al., 2006; Yin et al., 2007a) (Fig. 16B) .
Paleogene crustal thickening of the northern Tibetan plateau may have also caused stress propagation across the Tarim basin to reactivate the late Paleozoic Tian Shan orogen and to form a new thrust belt beginning since the late Oligocene (ca. 26-24 Ma) (Windley et al., 1990; Avouac et al., 1993; Yin and Nie, 1996; Yin et al., 1998) . The Tian Shan uplift in turn partitioned the once-connected Tarim and Junggar basins (Fig. 16) . Currently the Tarim basin is in an initial stage of disintegration, being consumed by thrusting around its rims and inside its interior; the latter is expressed by the development of the Maza Tagh thrust system (Kang, 1996; Jia, 1997) (Fig. 16B) . If the Indo-Asian collision continues for the next 54-60 m.y., the approximate life span of the current Tibetan plateau , the Tarim basin will eventually be incorporated into the Tibetan plateau and the Altyn Tagh fault will be entirely inside the expanded plateau, like the Kunlun fault today (Figs. 1 and 16 ). Xiayoushashan Fm.
Shangganchaigou Fm.
Lulehe Formation
Lower and Upper Xiaganchaigou Fm. First-order lithospheric structures resulting from the above plateau-growth history are shown in Figure 16C . A question may be raised about our proposed Paleo-Qaidam basin hypothesis: why is the elevation of the Hoh Xil basin currently ~2 km higher than that of the Qaidam basin? Several mechanisms may have operated to cause this elevation difference in the Neogene once the two basins were partitioned. First, the high elevation of the Hoh Xil basin could have been induced by a thermal event in the mantle, such as convective removal of the Hoh Xil mantle lithosphere (e.g., Harrison et al., 1992; Molnar et al., 1993) or subduction of the Qaidam mantle lithosphere below the Hoh Xil region (e.g., Meyer et al., 1998; Yin et al., 2002) . Second, it is possible that lower crust was extruded northward, as from the elevated Lhasa block into the Hoh Xil basin (e.g., Clark and Royden, 2000) . Finally, it is possible that Hoh Xil lower crust was thickened by thrust duplication due to the development of a large fl ake-tectonics system across the Eastern Kunlun Range (Yin et al., 2008) . The last hypothesis is consistent with our structural observations from the southwestern Qaidam basin, where excess lower crust must have been subducted below the nearby thrust belts (Yin et al., 2007a) . The above end-member processes could have operated and interacted simultaneously, and more detailed geologic research is required across the Eastern Kunlun Range and the Hoh Xil basin to differentiate these possible mechanisms for plateau uplift.
Lacustrine
The plateau-growth history proposed above implies that the largest plateau on Earth was constructed by fi rst creating and then destroying large intracontinental basins. This view is in strong contrast to the passive-fi lling bathtub model of Métivier et al. (1998 that invokes no crustal shortening once intraplateau basins were created. The proposed deformation sequence above (Fig. 16) is different from the predictions of the thin viscous sheet model or the continental extrusion model (England and Houseman, 1986; Tapponnier et al., 1982) , as both require northward propagation of deformation across Tibet and eastern Asia. In contrast, models considering preexisting weakness and topography provide a better physical scheme to simulate the growth history of the Tibetan plateau (e.g., Neil and Houseman, 1997; Kong et al., 1997) .
Deformation History and Basin-Forming Mechanisms
The Cenozoic deformation history of the Qaidam basin and associated sedimentation are illustrated in Figure 17 . In the Paleocene and early Eocene, a triangle zone was developed along the northern edge of the Qaidam basin, and produced a southward tapering growthstrata sequence (Fig. 17B) . The triangle zone continued to grow in the middle and late Eocene via development of a passive-roof thrust duplex, causing further thickening of the growth-strata sequence southward away from the triangle zone (Fig. 17C) . In the late Oligocene and Miocene, the Qaidam synclinorium began to develop, caused by the formation of a southdirected thrust below the synclinal axis and a fault-bend fold along the southern Qaidam basin margin (Fig. 17D) . The continuous development of the fault-bend fold from the Pliocene to the present in the southern Qaidam basin caused further tightening of the Qaidam synclinorium and deposition of a thick growth-strata sequence (Fig. 17E) .
The most interesting observation from the Qaidam basin is its central axis has been persistently downgoing throughout the Cenozoic, with an amplitude locally reaching 16 km. In our kinematic model, we interpret it to have developed by the formation of two thrust systems initiated at different times below the two fold limbs. Although the development of crustalscale folds by hidden thrust systems has been well documented in the North American Cordilleran fold-thrust belt (e.g., Price, 1981 Price, , 1986 Yin and Kelty, 1991) , the folds are much smaller than those across the Qaidam basin (amplitude <5 km and half-wavelength <50 km). One possible explanation for the differences in fold size is that the North American Cordilleran thrust belt is thin-skinned, involving only the sedimentary cover sequence, whereas the Qaidam thrust belt is thick-skinned, involving even the lower-crustal basement. The diachronous initiation of the fold limbs across the Qaidam basin precludes buckling as a mechanism to grow the syncline (e.g., Cloetingh et al., 2002) , although it could be the cause of initiation of the development of thrust duplexes (see experimental demonstration of this process by Burg et al., 1994) . In addition to thrust loading by the development of thrust wedges on both sides of the Qaidam basin, it is also possible that additional forces have assisted downward warping of the basin axis. They may include the presence of a southward subducting lithospheric slab from the Qilian Shan-Nan Shan thrust belt or a downward drip of thickened lithosphere below the basin.
Classifying the Qaidam basin is not straightforward; its structural setting and isopach patterns differ from a classic foreland basin in that its main depocenter has been located persistently in the basin axis away from the bounding thrusts (Fig. 12 ) (e.g., Jordan, 1981) . Alternatively, the Qaidam basin could be classifi ed as a wedge-top basin in the sense of DeCelles and Giles (1996) , lying above the Qimen TaghEastern Kunlun thrust belt in the south and Qilian Shan-Nan Shan thrust belt in the north. Because the initiation age and structural style of the two thrust belts are signifi cantly different, such a simple classifi cation may obscure the complex basin history as illustrated by our reconstruction (Fig. 17) . Naming the Qaidam basin as a simple piggyback basin suffers the same problem of oversimplifying the basinforming process. Dickinson et al. (1988) noted that some latest Cretaceous-early Tertiary Laramide basins in the North American Cordillera were developed in hanging walls of large basement-involved thrusts, which they referred to as axial basins. Yin and Ingersoll (1997) found that these basins are commonly located in synclinal troughs above oppositely dipping thrusts. This structural setting in the broadest sense matches the tectonic setting of the Qaidam basin and its bounding thrust belts: the basis is bounded by the south-directed Qimen Tagh-Eastern Kunlun thrust belt in the south and the north-directed Qilian Shan-Nan Shan thrust belt in the north. The key difference between the North American and Tibetan axial basins is that the synclinal trough across the Qaidam region may be a lithospheric-scale fold.
Relationship between Deformation of the Qaidam Basin and Motion on the Altyn Tagh Fault
Results of our interpreted seismic sections and the earlier work in the westernmost Qaidam basin (Yin et al., 2007a) suggest that shortening strain and shortening magnitude across the Qaidam basin decrease systematically eastward: ~35% in the west, ~11% in the center, and <1% in the east (Fig. 14A) . We used this information to reconstruct the original position of the southern Qaidam margin relative to the northern margin. In our reconstruction, we used the estimated strain of >48% (Yin et al., 2007a) for the westernmost part of the Qaidam basin (Fig. 14A) . The restored southern basin margin requires ~140 km shortening across the westernmost the Qaidam basin and 140 km decrease in fault slip on the Altyn Tagh fault across the Qaidam basin (Fig. 14B) : from ~470 km at its intersection with the southern Qaidam margin to ~330 km at its intersection with the northern Qaidam margin. The eastward decrease in Qaidam shortening also implies that the southern Qaidam margin has rotated clockwise relative to its northern margin. If we treat the Eastern Kunlun Range as a rigid block, the along-strike variation of shortening requires >12° of clockwise rotation and >170 km shortening across the westernmost the Qaidam basin; the slip magnitude on the Altyn Tagh fault is constrained to be <~300 km north of the Qaidam basin (Fig. 14C) . Our proposed tectonic rotation of the southern margin of the Qaidam basin relative to the northern basin margin can be tested by the existing paleomagnetic data across the basin. Paleomagnetic studies of middle Eoceneearly Oligocene samples by Dupont-Nivet et al. (2002) along the northern margin of the Qaidam basin indicate that the region has not rotated with respect to the Eurasian reference pole since the early Oligocene (Fig. 2) . A study of Cretaceous samples by Sun et al. (2006) at the eastern end of the Qaidam basin indicates that the region has not rotated in the Cenozoic (Fig. 2) . In north-central Qaidam, Chen et al. (2002) showed that Paleogene red beds have rotated ~15° clockwise. Using Late Jurassic samples from the southwestern Qaidam basin, Chen et al. (2002) and Halim et al. (2003) showed that the region has rotated as much as ~29° clockwise prior to late Miocene; however, how much of this rotation occurred in the Cenozoic is not clear. In the Hol Xil region, samples from late Oligocene strata show that the region has rotated ~15° clockwise (Fig. 2) . Liu et al. (2003) showed that in the Fenghuo Shan area of the Hoh Xil basin, the region has undergone 29º ± 8° of clockwise rotation since ca. 31 Ma (Fig. 2) . The above data in general are consistent with our block rotation model and, in light of the paleomagnetic data from the Hoh Xil basin, our proposed 12° regional rotation of the Eastern Kunlun Range may represent a lower bound.
As we stated in Yin et al. (2008) , we consider Cenozoic deformation across the Qaidam basin to have been driven by motion on the Altyn Tagh fault, as expressed by initiation of deformation and sedimentation at the western edge of the Qaidam basin against the Altyn Tagh fault and subsequent eastward propagation. This suggests that the initiation of the Altyn Tagh fault occurred during the deposition of unit E1+2 at 65-50 Ma cf. Meyer et al., 1998) .
Relationship between Upper-Crustal and Lower-Crustal Deformation
Because its topography is quite fl at, the 45 km crustal thickness of the Qaidam basin may vary little under Airy isostasy. The crustal thickness of the Qaidam basin at the onset of the Indo-Asian collision was probably >~32 km, because Late Cretaceous strata are terrestrial deposits (e.g., Huang et al., 1996) . With the initial (>32 km) and fi nal (45 km) crustal thickness as the bounds, we discuss possible relationships between uppercrustal and lower-crustal deformation during Cenozoic development of the Qaidam basin.
In the western Qaidam basin, the >48% upper-crustal shortening strain alone is sufficient to explain the observed crustal thickness (Yin et al., 2007a) . This mode of deformation as shown in Figure 18A predicts an extra length of lower crust and mantle lithosphere, which may have been subducted below the neighboring thrust belts. In the eastern Qaidam basin, the observed upper-crustal shortening strain is negligible (<1%) and thus is insuffi cient to explain the current crustal thickness and basin elevation. The above arguments require a systematic eastward variation of crustal-thickening mechanism across the Qaidam basin: (1) dominantly uppercrustal shortening in the west (Fig. 18A) , (2) mixed upper-crustal and lower-crustal thickening in the center (Fig. 18B) , and (3) dominantly lower-crustal shortening in the east (Fig. 18C) . The above discussion on the spatial variation of crustal shortening strain and shortening mechanisms refers only to the Qaidam basin that is defi ned by the present topography in the region. It is possible that the earlier extent of the Qaidam basin, such as in Paleogene time, was larger. For example, the Delingha and Sugan basins north of the Qaidam basin could once have been parts of the greater Qaidam basin.
In the absence of upper-crustal deformation, lower-crustal thickening can be achieved by channel fl ow (Fig. 18D) (Clark and Royden, 2000) or ductile thrusting (Fig. 18E) . The fi rst process may be tested via stratigraphic relationships. If the surface uplift rate induced by lowercrustal fl ow were greater than the sedimentation rate, the basin margins would migrate toward the basin center, resulting in regressional stratigraphic relationships (Fig. 19A) . In contrast, if the surface uplift rate were lower than the sedimentation rate, the basin margins would migrate away from the basin center, resulting in transgressional stratigraphic relationships (Fig. 19B) . As exemplifi ed in Figure 10 , the southern margin of the Qaidam basin has undergone transgression throughout the Cenozoic, which implies that the surface uplift rate induced by lower-crustal fl ow, if it has occurred, has been lower than the sedimentation rate. The total Cenozoic section in the southern Qaidam basin is <5 km deposited over 50 m.y., which yields an average surface uplift rate of <0.1 mm/yr.
It has been noted that the Qaidam lithosphere is unusually strong in Tibet (Braitenberg et al., 2003) . If the strength of lithosphere mainly concentrates in the lower crust due to absence of fl uids (i.e., Jackson et al., 2004) , then Qaidam lower crust would be the least likely place for lower-crustal fl ow in Tibet. Thus, crustal thickening in the eastern Qaidam basin could have been induced by thrust duplication of the lower crust (Fig. 18E) . Following the inferred geometry of the Main Qaidam detachment, as shown in Figures 5, 6 , 7, and 10, we envision the existence of two thrust ramps in the easternmost Qaidam; the northern thrust ramp crosses the lower crust below the Qilian Shan and the southern thrust ramp crosses the upper crust below the Eastern Kunlun Range. To explain the along-strike variation of crustal thickening, the upper-crustal ramp must lie diagonally across the Qaidam basin, as shown in Figure 14A . This ramp confi guration allows progressive transition from dominantly upper-crustal shortening in the west to dominantly lower-crustal shortening in the east (Fig. 14A) .
Mesozoic Deformation
Mesozoic extensional structures are widespread across the Qaidam basin. Typically, these faults cut the lower part of the Jurassic sequence but are overlain by the upper part of the sequence, suggesting that extensional faulting occurred in the Early Jurassic. This observation is inconsistent with the proposal that the Jurassic Qaidam basin was in a compressional tectonic setting (Huo and Tan, 1995; Ritts and Biffi , 2000) , but consistent with the regional observation that northern and southern Tibet underwent several phases of extension in the Jurassic and Cretaceous (Huo and Tan, 1995; Huang et al., 1996; Sobel, 1999; Vincent and Allen, 1999; Kapp et al., 2000 Kapp et al., , 2003 Xia et al., 2001; Chen et al., 2003; Horton et al., 2004) .
The extensional faults appear to die out along strike within a distance of 40-50 km, as we could not correlate them from one section to another like the Cenozoic structures. Because of this, the exact trends of Jurassic extensional faults are not well determined. This has made discussion on the relationship between Mesozoic and Cenozoic structures diffi cult. From the regional seismic sections we analyzed, we could not detect any evidence that Jurassic extensional faults were reactivated by Cenozoic thrusting (also see Yin et al., 2008; cf. Xia et al., 2001; Chen et al., 2003) . Further research is needed to determine whether the lack of evidence for reactivation is due to the coarse spacing of our seismic sections, or that the trends of the older extensional faults and the younger Cenozoic thrusts are drastically different. The latter situation would make tectonic inversion diffi cult.
Kink Folds versus Circular Folds
Similar to our detailed structural study of the North Qaidam thrust belt (Yin et al., 2008) , Cenozoic folds across the central Qaidam basin have broader and rather circular hinge zones and lower fold amplitudes than those predicted by the kink-bend method if one extrapolates surface geology to a greater depth (Suppe, 1983) . The round fold hinge-zone geometry is compatible with our direct fi eld observations of Cenozoic folds and map patterns that show circular and broad fold-hinge zones (Yin et al., 2008) . Recognition of this fold style resolves the longnoted discrepancy across the Qaidam basin that the fold limbs determined by surface mapping tend to be much steeper than those constrained by seismic and drill-hole data. That is, the broad and circular fold-hinge geometry predicts a rapid change in bedding dip downward, rather than maintaining the same dip, as anticipated by the kink-bend method.
CONCLUSIONS
The major geologic observations and inferences derived from analyses of seismicrefl ection profi les and thickness distributions of Cenozoic strata across the Qaidam basin are summarized in the following.
1. The fi rst-order structure across the basin is a major Cenozoic synclinorium, with its amplitude decreasing progressively eastward, from >16 km in the west to <4 km in the east. Associated with the amplitude decrease is an eastward decrease in the half-wavelength of the fold from ~170 km to ~50 km. Associated with the eastward decrease in fold amplitude and halfwavelength is the decrease in the north-south width of the Qaidam basin from ~400 km in the west to ~100 km in the east, suggesting that the basin formation and its topographic expression are closely related to the development of the Qaidam synclinorium. Growth-strata relationships indicate that the synclinorium axis has propagated eastward: located entirely in the western Qaidam ca. 65-50 Ma with subsequent expansion to the easternmost basin after 24 Ma.
2. Cenozoic upper-crustal shortening strain and shortening magnitude across the Qaidam basin decrease systematically eastward: >48% in the west, ~17% in the center, and <1% in the east. Cenozoic strain rates range from 1.3 × 10 . The eastward decrease in upper-crustal shortening strain indicates a progressive transition in crustal-thickening mechanism, from dominantly upper-crustal shortening in the west to dominantly lower-crustal shortening in the east.
3. Qaidam upper-crustal structures can be best explained by thrusting along a mid-crustal décollement, which we referred to as the Main Qaidam detachment. The detachment links a lower-crustal ramp in the northern Qaidam basin and southern Qilian Shan and an upper-crustal ramp in the southern Qaidam basin and the Eastern Kunlun Range. The depth to the décollement decreases eastward from ~28 km in the west to ~16 km in the east. The upper-crustal ramp lies diagonally across the Qaidam basin, oblique to 
(2)
Uplift rate > Sedimentation rate Uplift rate < Sedimentation rate A B Figure 19 . Possible growth-strata patterns along the northern plateau margin due to lower-crustal channel fl ow. (A) Sedimentation rate is lower than the uplift rate, producing a regressional sequence. (B) Sedimentation rate is higher than the uplift rate, producing a transgressional sequence.
the general structural trend of the basin. This ramp confi guration allows a systematic transition from dominantly upper-crustal shortening in the west to dominantly lower-crustal shortening in the east. 4. Although sedimentation of PaleoceneEocene strata occurred synchronously across the entire basin, initiation of the basin-bounding structures was diachronous: the northern basinbounding structures started coevally with the initial basin sedimentation at 65-50 Ma, while the southern basin-bounding structures started much later, at 29-24 Ma. This observation, in conjunction with the uplift of the Eastern Kunlun Range south of the basin since 30-20 Ma, suggests that the Paleogene Qaidam basin extended much farther to the south across the Eastern Kunlun Range and was possibly linked with the Paleogene Hoh Xil basin that is currently south of the Eastern Kunlun Range. The two basins formed a united Paleogene topographic depression that was >500 km wide in the north-south direction and had a size and tectonic setting similar to the present-day Tarim basin between the Tian Shan and the Tibetan plateau to the north. The development and subsequent demise of this Paleo-Qaidam basin imply a complex sequence of deformation that may have been controlled by the preexisting heterogeneity of mechanical strength in Tibetan lithosphere at the onset of the Indo-Asian collision.
5. The initiation and subsequent development of the Qaidam basin was closely related to motion on the Altyn Tagh left-slip fault. This was expressed by the Paleocene-early Eocene initiation of basin sedimentation and related deformation in the westernmost part of the basin adjacent to the strike-slip fault. Deformation and sedimentation were subsequently expanded eastward across the basin.
6. Jurassic extensional structures and associated half-grabens are widespread across the Qaidam basin. From the seismic profi les we analyzed, we could not detect any evidence that the early extensional faults were reactivated by Cenozoic thrusts.
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